Mexican oregano (Lippia graveolens) is a plant found in Mexico and Central America that is traditionally used as a medicinal herb. In the present study, we investigated the antiviral activity of the essential oil of Mexican oregano and its major component, carvacrol, against different human and animal viruses. The MTT test (3-4,5-dimethythiazol-2yl)-2,5-diphenyl tetrazolium bromide) was conducted to determine the selectivity index (SI) of the essential oil, which was equal to 13.1, 7.4, 10.8, 9.7, and 7.2 for acyclovirresistant herpes simplex virus type 1 (ACVR-HHV-1), acyclovir-sensitive HHV-1, human respiratory syncytial virus (HRSV), bovine herpesvirus type 2 (BoHV-2), and bovine viral diarrhoea virus (BVDV), respectively. The human rotavirus (RV) and BoHV-1 and 5 were not inhibited by the essential oil. Carvacrol alone exhibited high antiviral activity against RV with a SI of 33, but it was less efficient than the oil for the other viruses. Thus, Mexican oregano oil and its main component, carvacrol, are able to inhibit different human and animal viruses in vitro. Specifically, the antiviral effects of Mexican oregano oil on ACVR-HHV-1 and HRSV and of carvacrol on RV justify more detailed studies.
INTRODUCTION
Viruses are the agents of several infectious diseases (4, 5, 10, 11, 32) , meanwhile there are a small number of antiviral drugs available (13) . Plant essential oils and extracts have been examined for their possible antiviral activities, including the essential oils of some commonly used culinary herbs (24) .
Lippia graveolens is a plant in the Verbenaceae family that is commonly known as Mexican oregano. It is widely used in Mexico as food seasoning and a folk remedy (23, 31) .
Scientific data support the use of Mexican oregano as an antibacterial and the analysis of the chemical constituents of the Lippia graveolens used in these studies has indicated high carvacrol content (23) , which may be responsible for the bacterial inhibition in this case. However, while the antibacterial activity of Lippia graveolens and its major compounds has been demonstrated, its potential antiviral effects have not yet been examined. 1 and 2 are probably the most studied viruses concerning antiviral activity of natural products (24, 26) . HHV-1 was efficiently inhibited in vitro by the essential oils and extracts from a variety of plants (2, 14) , and also by extracts from other sources as fungi (7) and marine sponges (12) .
The human respiratory syncytial virus (HRSV) is one of the main agents of bronchiolitis and pneumonia in children and plays a major role in the aetiology of pneumonia in elderly individuals (21) . HRSV is an enveloped RNA virus that belongs to Pneumovirus genus at the Paramyxoviridae family (10, 21) . Ribavirin is the only antiviral drug available for therapeutic use in patients infected with HRSV, but the clinical use of this medicine is restricted to children considered at risk (10) . The antiviral activity of some plant extracts and its single components have already been examined against HRSV and the results varied (19, 30, 40) .
The human rotavirus (RV) is one of the most common causes of gastroenteritis around the world and its resultant diarrhoea may cause morbidity and mortality (11) . The RV is a non-enveloped virus with a double strand RNA segmented genome that allows segment changes among viruses, generating diversity (11) . Two vaccines against rotavirus are available since 2006, and vaccination has been routinely performed in some countries, including Brazil (25) . The number of cases of gastroenteritis by rotavirus has decreased since the introduction of the vaccine, however researchers alert for the possible emergence of virus subtypes (25) . The replacement of fluids and electrolytes is the only treatment successfully used for dehydration and diarrhoea; but specific treatment for rotavirus infection does not exist (25, 38) .
Extracts of plants (38) and marine sponges (12) have demonstrated antiviral activity in vitro against human and animal rotavirus.
The bovine viral diarrhoea virus (BVDV) is a significant agent of disease in cattle, causing respiratory and reproductive problems (34) . BVDV is an enveloped RNA virus belonging to the Flaviviridae family (34) that has often been used as a surrogate model for the hepatitis C virus (HCV) since the two viruses have similar virion structure and genome organisation (5, 6) . Like HCV, BVDV utilizes an internal ribosomal entry site (IRES) within the 5' nontranslated region (NTR) for translation of the viral polyprotein and express similar nonstructural proteins including the NS3 helicase/NTPase, and NS5B RNA-dependent RNA polymerase (6) . Using BVDV as a model, it was demonstrated that natural products like hop (5) as well synthetic products like mizoribine (41), had potential antiviral activity on HCV.
Bovine herpesviruses types 1 and 5 (BoHV-1 and 5) are responsible for serious respiratory, reproductive, and neurologic diseases in cattle, while BoHV-2 is the etiologic agent of an udder infection known as herpetic mammilitis (15, 32) . BoHV-1, 2 and 5 are enveloped DNA viruses classified at the Herpesviridae family. BoHV-1 and 5 belongs to the Varicellovirus genus while BoHV-2 belongs to the genus Simplexvirus (32). Antivirals are not available to the treatment of the bovine herpesviruses, although synthetic compounds currently used against human herpesviruses have been recently tested (15) . BoHV-1 has also been used to test the antiviral potential of some natural products (7).
A consensus protocol for antiviral susceptibility testing is not available (26, 37) . Several different techniques based on cythopathic effect or cell viability are applied to investigate antiviral activity (2, 12, 26, 37). The colorimetric assay MTT, based on the reduction of the tetrazolium dye (26) , measures cell viability and it has been employed to access antiviral activity against different viruses (8, 16, 26, 40) . Studies Antiviral activity of the L. graveolens comparing plaque reduction assays and the MTT did not find significant difference in the results for both adenovirus (8) and HHV-1 (16).
Mexican oregano oil was already examined by our group for its antimicrobial properties against some bacteria and fungi Table 1, while Table 2 displays the results of carvacrol activity against the same viruses, excluding BoHV-1 and 5. Acyclovir was the positive control for HHV-1, while ribavirin was the positive control for HRSV, RV, and BVDV. Two different treatment protocols were followed to investigate the effects of Mexican oregano oil on viruses. For treatment I, oil addition was performed before and after viral inoculation, while for treatment II, the oil was added only after viral inoculation. The best results were observed following the first protocol for three of the five viruses (Table 1 ).
In general, the essential oils from different plants examined in vitro have shown low toxicity to the cell cultures tested (2, 14, 27). In this study, the toxicity of Mexican oregano essential oil varied according to cell type, with the lowest toxicity to HEP2 cells (Table 1) . Based on the CC 50, the best SIs were observed for the human viruses ACVR-HHV-1 and HRSV (Table 1) .
Time-on-addition experiments using the essential oils of anise, hyssop, thyme, ginger, chamomile, sandalwood (27) , and Santolina insularis (14) have shown that the activity of the essential oils is most pronounced when viruses or cells were treated before inoculation. These oils were tested against HHV-1 and 2, which are enveloped viruses. It has been suggested that the oils may interact with the viral envelope and glycoproteins of HHV (27) .
All of the five viruses inhibited by Mexican oregano oil were enveloped. The oil evidenced antiviral activity against these viruses when the cells were pre-and post-treated, Antiviral activity of the L. graveolens whereas only two of these viruses were also effectively inhibited when the oil was added only after viral inoculation (Table 1) . Although there were only two different protocols performed for oil addition in this study, the presence of the oil before viral inoculation seemed to make a difference. It should be noted that for BVDV, however, the oil was more efficient when applied only after inoculation with the virus (Table 1) . a Essential oil present before and after viral inoculation; b essential oil present only after viral inoculation; CC50 = 50% cytotoxic concentration (µg/ml); EC50 = 50% effective concentration(µg/ml); SI50 = selectivity index (CC50/ IC50); HHV-1 = human herpes virus 1; ACVR-HHV-1 = acyclovir-resistant human herpes virus 1; BoHV-1= bovine herpesvirus 1; na = no activity; BoHV-2 = bovine herpesvirus 2; BoHV-5= bovine herpesvirus 5; HRSV= human respiratory syncytial virus; RV= human rotavirus; BVDV= bovine viral diarrhoea virus.
Meanwhile, the oil had no antiviral effects on two of the three bovine herpesviruses examined, inhibiting BoHV-2 but not BoHV-1 and 5, which are also enveloped viruses. Since these are all bovine pathogens, differences among the viral envelopes probably does not explain the selective antiviral activity. There are genomic differences among these viruses, as BoHV-2 is classified in the Simplexvirus genus while BoHV-1 and 5 are classified as the Varicellovirus genus (32) . It would be interesting to test other viruses in the same genus as BoHV-1 and 5 to check for a group difference.
Carvacrol was found to have antiviral effects on five of the viruses tested, but unlike the essential oil, it was effective against human RV but not against BoHV-2 (Table 2) .
Carvacrol was also not as effective as the essential oil against HHV, BVDV, and HRSV (Table 2 ). Still another difference is that the major component alone showed higher cell toxicity than the essential oil.
Carvacrol has been identified as the main component of several essential oils with antimicrobial activity (28, 36) .
However, this compound and antimicrobial activity are not always clearly correlated. For instance, the essential oil of Origanum acutidens has demonstrated no antiviral activity against HHV-1 even though carvacrol composed 72% of the oil (36) . Conversely, methanol extracts from the same plant inhibited HHV-1 and such activity has been attributed to phenolic acids (36) .
The difference between the antiviral activity of the essential oil and carvacrol alone may be due to the synergistic effect of the components of the oil. A similar effect has already been described for Staphylococcus aureus and Pseudomonas aeruginosa (28) . Both were inhibited in vitro by the oregano essential oil and by the components carvacrol and thymol, but the oil inhibition was mainly attributed to the additive antimicrobial action of these two compounds (28) .
Mexican oregano essential oil and its main component, carvacrol, were effective against RNA and DNA viruses (Tables 1 and 2 ). This dual efficacy has advantages over common antiviral drugs, which generally act on only RNA or DNA viruses or may even be specific to a single virus or group of viruses (13) . To identify other versatile antivirals, several
Antiviral activity of the L. graveolens plant products have been screened against groups of RNA and DNA viruses with variable results (19, 35) . Significant in vitro antiviral activity against three RNA viruses was observed for extracts derived from the roots of Eleutherococcus senticosus but no activity was detected against two DNA viruses in the same experiment (19) . Another study found only one plant extract of fifteen tested that was able to inhibit two RNA and DNA viruses (35) . Although further studies are needed to determine the mechanisms of action and viral activity of Mexican oregano oil and carvacrol, a broad spectrum of action is very desirable for any antiviral candidate.
Apparently the essential oil and its purified component are able to inhibit the viruses in different stages of virus infection and replication since the essential oil was able to inhibit viruses before but also after virus inoculation while carvacrol was effective only when added after virus inoculation (Tables 1 and   2 ). Very interesting is the fact that the carvacrol activity was present after virus inoculation for viruses with either RNA or (Table 1) . A great number of natural products were evaluated for its anti-herpetic activity (24, 26) , but none of the compounds examined is available for use yet.
Even though the antiviral activity of the oil and its major a Carvacrol present only before viral inoculation; b carvacrol present only after viral inoculation; CC50 = CC50 = 50% cytotoxic concentration (µg/ ml); EC50 = 50% effective concentration (µg/ ml); SI50 = selectivity index (CC50/ IC50); HHV-1 = herpes simplex virus 1; na = no activity; ACVR-HHV-1 = acyclovir-resistant herpes simplex virus 1; BoHV-2 = bovine herpesvirus 2; HRSV = respiratory syncytial virus; RV = human rotavirus; BVDV = bovine viral diarrhoea virus.
The SI value demonstrated for the essential oil against HRSV is also worth of note, even though there are literature descriptions of very high values of SI for a compound isolated from L deflexicalyx (SI=5880) (30) and also for a constituent of
Antiviral activity of the L. graveolens Agastache rugosa (SI=898.2) (40) . A safe vaccine against the virus is not yet commercially available (21) , so an antiviral that is active against HRSV without toxicity may be a good alternative. Ribavirin has already been used to treat some HRSV-induced diseases, although it is only recommended for special cases involving high-risk children due to its toxicity (10) . Since Mexican oregano oil had significant antiviral effects on HRSV and low cytotoxicity, it would be interesting to compare the effects of the oil and its derivative alone or in combination with ribavirin.
Mexican oregano essential oil was not able to inhibit rotavirus in any of the time points examined (Table 1) , while carvacrol was effective when added after virus inoculation (Table 2) . Such results were not expected given that carvacrol is a major component of the essential oil. However, the essential oil is a complex of different amounts and quality of compounds (2). Such complexity generates diversity in the pharmacological activities of the essential oils and their components. In some cases, the essential oil demonstrates the best biological activity (20) , and in other cases the major components of the oils demonstrates similar pharmacological activity (9), or, even better activity than the essential oil (2).
On the other hand, the most obvious difference between
RV and the other viruses tested is the absence of the envelope.
As already discussed before, there are evidences that the essential oils of a significant number of plants have some action on the viral envelope or cell structure (14, 27) . Since the enveloped viruses fusion its envelope with the cell or endocytic vesicle membrane before entry (22) ; it is possible that the essential oils interfere with such fusion which would have no effect on RV. Some compounds examined against human as well animal rotavirus showed action before entrance of the virus or immediately after; but the compounds were not oil (12, 38) . The hot water extract of Stevia rebaudiana inhibited virus binding to cell (38) , and the acqueous and methanolic extracts of some genus of marine sponges collected off Brazilian Coast showed the best inhibition of RV-SA11 when the compounds were included simultaneously with the virus (12) .
In the present study, only carvacrol had effect on rotavirus, and it was after virus inoculation. Then, the mechanism of action for carvacrol probably is different from those already described (12, 38) . Nevertheless, independently of the mechanisms of action, the activity of carvacrol on rotavirus is very promising. Further, diarrhea is a complex disease that may have viral, bacterial or even parasitic causes (4). Thus, alternative treatments using compounds with wide antimicrobial activity against diverse agents of diarrhea is advantageous. Regarding to that, carvacrol also exhibited antimicrobial activity against other diarrhea agents such as Salmonella enterica and Escherichia coli O157:H7 (17) .
Finally, the efficacy of Mexican oregano on BVDV is lower if compared to its activity on the other viruses examined in this issue (Table 1) . However, the antiviral activity of the oil when added after virus inoculation is comparable to the results Nonetheless, considering that a compound that inhibits BVDV replication has a potential antiviral activity against HCV (6), more detailed studies with BVDV could be suggested.
In conclusion, the activity of Mexican oregano oil against ACVR-HHV-1 and HRSV as well as that of carvacrol against RV warrant further studies to explore the mechanisms of action of the compounds.
